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Summary 28 
1. The vast expanses of rangeland on the Tibetan Plateau, which support the livelihood of 29 
~9.8 million local inhabitants, have experienced rapid climate warming and increased 30 
overall precipitation over the past 50 years and these trends are predicted to continue 31 
into the future. However, their potential effects on rangeland quality remain unclear. 32 
2. We conducted a two-factor field experiment in which we manipulated temperature 33 
(control or warming by 1.5–1.8 °C) and precipitation (control or 50% reduction or 34 
increase in rainfall) at an alpine grassland on north-eastern Tibetan Plateau starting in 35 
2011. From 2014–2016, we measured forage production and community composition, 36 
and in 2015 forage quality (crude protein, cell soluble contents, hemicellulose, cellulose, 37 
lignin and digestibility) represented by seven abundant species. 38 
3. Overall, warming did not change total forage production at plant community level, but 39 
increased legume production and decreased non-legume forb production. Increased and 40 
reduced precipitation enhanced and decreased forage production by 18.2% and 12.9%, 41 
respectively. From dry to wet, increasing precipitation increased grass and sedge 42 
production, but tended to decrease legume production. 43 
4. Forage quality showed species-specific responses to the simulated climate changes. At 44 
community level, warming and reduced precipitation improved forage quality, which 45 
was mainly caused by a shift in community composition towards more legumes, rather 46 
than the direct effects of simulated climate changes. Increased precipitation did not 47 
reduce forage quality, despite the precipitation-induced increase in forage production. 48 
5. Integrating forage production and quality into nutrient production as a measure of 49 
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rangeland quality, we found that warming and increased precipitation additively 50 
improved rangeland quality, while reduced precipitation decreased it. 51 
6. Synthesis and applications. Rangeland quality, as one important ecosystem provisioning 52 
service, will benefit from a warmer climate on the Tibetan Plateau in the regions with 53 
predicted increase in precipitation, but not in those regions where precipitation might be 54 
reduced in the future. We suggest management strategies, including reseeding native 55 
legumes and popularizing artificial pastures in the mesic and wetter areas, and 56 
establishing regional forage reserves and decreasing stocking rate in the drier area, to 57 
best adapt to these different climate-change scenarios.  58 
Key-words: alpine rangeland; climate change; forage production; forage quality; 59 
precipitation; Tibetan grasslands; warming 60 
  61 
 4 
 
Introduction 62 
Climate change will not only affect ecosystem structure and functioning (Ponce-63 
Campos et al., 2013; Reichstein et al., 2013), but also the provisioning of ecosystem 64 
services such as forage production (Pettorelli, 2012; Polley et al., 2013). These changes 65 
could be particularly profound in high-elevation ecosystems (Chen et al., 2013). The 66 
Tibetan Plateau has experienced a rapid climate change over the past 50 years (Dong, Jiang, 67 
Zheng & Zhang, 2012). Air temperatures have been rising at a rate of 0.4 °C/decade, that is 68 
far more rapidly than the global average (0.06 °C/decade; (IPCC, 2013)). At the same time, 69 
overall annual precipitation on the Plateau is also increasing (Chen et al., 2015), albeit with 70 
a large regional heterogeneity, from -3.4 mm/year to +4.9 mm/year (Chen et al., 2013). If 71 
these climatic trends continue, as has to be expected, the previously very cold and relatively 72 
dry ecosystems on the Tibetan Plateau will experience unprecedentedly large environmental 73 
change, affecting the homeland for ~9.8 million native people with a traditional nomadic 74 
life style (Shang et al., 2014) and the habitat of more than 50 million Tibetan sheep (Xin et 75 
al., 2011), 13 million yaks (Shang et al., 2014) and thousands of feral ungulates (Harris & 76 
Loggers, 2004). While a number of studies have investigated the effect of climate warming 77 
on rangeland quality (Klein, Harte & Zhao, 2007; Li, Liu, Frelich & Sun, 2011), few 78 
studies have examined the effects of altered precipitation regimes or the interactions 79 
between warming and precipitation changes on the Tibetan Plateau. 80 
Rangeland quality assessment generally considers forage production and quality as 81 
two important indices (Kawamura, Watanabe, Sakanoue & Inoue, 2008; Shi et al., 2013). 82 
Forage production is the total forage biomass available to livestock over a whole year 83 
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(Kawamura, Watanabe, Sakanoue & Inoue, 2008). Forage quality is represented by the 84 
chemical constituents of forage plants that determining the feeding value of forage 85 
(Cherney & Hall, 2000). On the Tibetan Plateau, most studies so far have focused on the 86 
effects of climate change on forage production, i.e. aboveground net primary production 87 
(Li, Liu, Frelich & Sun, 2011; Wang et al., 2012; Ma et al., 2017). In contrast, very few 88 
studies have studied the effects of climate change on forage quality or combined measures 89 
of forage production and forage quality into a measure of rangeland quality, i.e. nutrient 90 
production. 91 
Climate warming can directly and indirectly affect rangeland quality. Several meta-92 
analyses suggest that warming can increase forage production in cold ecosystems (Lin, Xia 93 
& Wan, 2010; Lu, Zhou, Luo & Li, 2013). The mechanism of this effect can be attributed to 94 
a stimulation of plant growth (Lin, Xia & Wan, 2010; Polley et al., 2013) and enhanced 95 
availability of soil nutrients (Bai et al., 2013). However, the increased forage production 96 
may be compromised by decreased forage quality via nutrient dilution effects (Shi et al., 97 
2013). Thus, some studies have shown that warming will not only enhance forage 98 
production, but also increase structural carbohydrates and lignification, resulting in lower 99 
forage quality (Cherney & Hall, 2000; Dumont et al., 2015). Furthermore, warming may 100 
also affect both forage production and quality by inducing shifts in plant community 101 
composition. For example, warming is reported to stimulate legume growth on the Tibetan 102 
Plateau (Wang et al., 2012), which in turn may improve forage quality (Dumont et al., 103 
2015). Such indirect effects of climatic factors on rangeland quality may be profound, but 104 
they have often been overlooked in previous studies. 105 
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Realistic climate change scenarios should include possible changes in precipitation as 106 
well as temperature because soil humidity is one of the most important factors affecting 107 
rangeland quality. It is well known that forage production generally increases with mean 108 
annual precipitation along environmental gradients (Knapp & Smith, 2001; Bai, Han, Wu, 109 
Chen & Li, 2004; Sala, Gherardi, Reichmann, Jobbagy & Peters, 2012; Ponce-Campos et 110 
al., 2013), including those on the Tibetan Plateau (Yang, Fang, Pan & Ji, 2009; Shi et al., 111 
2013). For forage quality, a recent meta-analysis based on 75 studies suggested that forage 112 
nitrogen content non-linearly decreases with increasing water availability, while structural 113 
carbohydrate showed an opposite trend (Dumont et al., 2015). Furthermore, similar to 114 
warming, altered precipitation regimes may lead to shifts in plant community composition 115 
and thus indirectly affect forage production and quality. For instance, some studies reported 116 
that increased precipitation can stimulate grass growth (Collins et al., 2012), which may 117 
result in lower forage quality (Deak, Hall, Sanderson & Archibald, 2007). 118 
Little is known whether expected effects of changes in temperature and precipitation 119 
are additive or if they interact, such that the effect of one factor is increased or reduced at a 120 
particular level of the other factor (Wu, Dijkstra, Koch, Peñuelas & Hungate, 2011; 121 
Hoeppner & Dukes, 2012; Xu, Sherry, Niu, Li & Luo, 2013). For instance, warming has 122 
been reported to affect plant production only in combination with drought in a grassland in 123 
the Alps (De Boeck, Bassin, Verlinden, Zeiter & Hiltbrunner, 2016). In contrast, as will be 124 
shown in the present paper, effects of warming and altered precipitation may be more or 125 
less additive in Tibetan rangelands. Such knowledge is essential for the development of 126 
rangeland adaptation strategies that cope with climate change in the coming decades. 127 
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In our study, we assessed the potential effects of warming, altered precipitation and 128 
their interaction on rangeland quality by using a two-factor manipulative field experiment 129 
in a meadow at 3200 m altitude on the Tibetan Plateau. Our goal was to find out how forage 130 
production and quality on Tibetan rangelands responded to warming and altered 131 
precipitation regimes, in particular reduced or increased rainfall. Using our experimental 132 
results, we propose region-specific rangeland management strategies to adapt to predicted 133 
climate-change scenarios and maintain rangeland quality into the future. 134 
Materials and Methods 135 
Experimental site and design 136 
The experimental site is located at the Haibei Alpine Grassland Ecosystem Research 137 
Station on the northeastern Tibetan Plateau, China (101°12′ E, 37°37′ N, 3250 m above sea 138 
level, Fig. S1, see Supporting Information). The local climate is characterized by strong 139 
solar radiation with long cold winters and short cool summers. The growing season 140 
generally starts in mid-April and ends in late October (Wang et al., 2014). In the period 141 
1980–2014, mean annual temperature was –1.2 °C and mean annual precipitation was 486 142 
mm. More than 80% of the annual precipitation falls in the growing season. The alpine 143 
meadow vegetation is dominated by Kobresia humilis, Elymus nutans and Stipa aliena. The 144 
soil is classified as Mat-Gryic Cambisol (Chinese Soil Taxonomy) with a pH of 7.8 at 0–10 145 
cm depth (Lin et al., 2016). 146 
In July 2011, we set up a two-way factorial experiment with a randomized-block 147 
design to study the effects of increased annual temperature and increased or decreased 148 
annual precipitation and their interactions on the alpine meadow vegetation. The two levels 149 
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of the factor temperature are control and warming and the three levels of the factor 150 
precipitation are control and reduced or increased rainfall (see below). These six treatment 151 
combinations were applied to plots of 1.8 × 2.2 m and replicated in 6 blocks for a total of 152 
36 plots; the positions of the different treatment combinations were separately randomized 153 
in each block. There are 1.2 m buffer belt between blocks and 2.5 m buffer belt between 154 
plots. 155 
We use overhead infrared heaters to simulate warming. In each warmed plot, two 156 
medium-wave (1200 W, 220 V, 1000 mm long and 22 mm wide) infrared heaters are 157 
suspended 1.6 m above ground. In each control plot, two ‘dummy’ arrays are suspended to 158 
mimic shading and other non-warming effects of the heaters. Soil temperature and moisture 159 
at 5, 10, and 20 cm are automatically recorded per hour by data loggers (EM 50, Decagon 160 
Devices Inc., Pullman, WA, USA). Compared to the control, warming increases soil 161 
temperature by ca. 1.5–1.8 °C at 5 cm depth (Lin et al., 2016; also see Fig. S2). To 162 
manipulate precipitation, we use rainout-shelters consisting of four transparent panlite sheet 163 
channels (PC-1151, Teijin chemicals, Tokyo, Japan) at an angle of 15°, covering 50% of the 164 
plot area. In the reduced-precipitation treatment, the shelter intercepts 50% rainfall, which 165 
flows into a white plastic rain collector. The rainfall withheld from a reduced-precipitation 166 
plot is added to an increased-precipitation plot, providing it with 50% additional rainfall. In 167 
control-precipitation plots, four ‘dummy’ channels with holes were installed to mimic 168 
shading and other not precipitation-related effects of the channels. 169 
Response variables 170 
We used the total aboveground live biomass at the peak of growing season (late 171 
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August) to represent forage production, because the peak aboveground live biomass is a 172 
good approximation of forage production in this ecosystem (Klein, Harte & Zhao, 2007). 173 
Within each plot, we randomly sampled three 0.15 × 0.15 m quadrats and clipped all live 174 
plant material. We harvested 24 plots in 2014 and 36 plots in 2015 and 2016. Plants in each 175 
plot were sorted to species and dried in the oven at 65 °C for 48 hours to achieve constant 176 
weight in the lab. Plant species were classified into the four functional groups: grasses 177 
(Poaceae), sedges (Cyperaceae), legumes (Fabaceae) and non-legume forbs (other 178 
angiosperm families). This classification is directly linked to their ecological niches or 179 
functions in the ecosystem. Grasses and sedges, although both have fibrous root systems, 180 
have different root depths. The former have deep root systems that can reach up to 80 cm in 181 
soil depth, thus can use deep soil moisture and have relative high drought tolerance, while 182 
the latter have shallow root systems and consequently have low drought resistance. 183 
Legumes have tap root systems and root nodules, which can fix nitrogen from atmosphere. 184 
Non-legume forbs have both root systems and different root depths. We did not classify 185 
plant species into palatable and non-palatable species, because all plants in our experiment 186 
were eaten by livestock. 187 
To assess the effects of treatments on forage quality, we measured nutrient content and 188 
digestibility of the 1–3 dominant species in each functional group in 2015. These species 189 
were: Elymus nutans (grass), Helictotrichon tibeticum (grass), Stipa aliena (grass), 190 
Kobresia humilis (sedge), Medicago archiducis-nicolai (legume), Oxytropis subfalcata 191 
(legume) and Saussurea superba (non-legume forb). All these species are common at the 192 
study site and account for > 70% of total forage production. For each treatment 193 
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combination and the target species, we collected all aboveground plant tissues (leaves plus 194 
shoots) from the same three randomly selected blocks in late August. We analyzed crude 195 
protein, neutral detergent fiber, acid detergent fiber and acid detergent lignin of all these 196 
species. We only chose one species from each functional group (S. aliena, K. humilis, M. 197 
archiducis-nicolai and S. superba) to examine digestibility because this measurement 198 
required large amounts of sample material. Crude protein was determined with an 199 
Automatic Kjeldahl Nitrogen Determination Apparatus (Kjeltec 8100, FOSS, Hӧganäs, 200 
Sweden). Neutral detergent fiber, acid detergent fiber and acid detergent lignin were 201 
determined by a sequential detergent fiber analysis (Goering & Van Soest, 1970). We 202 
calculated indices for cell soluble contents, cellulose and hemicellulose (Goering & Van 203 
Soest, 1970). The digestibility of plant species was determined by in vitro digestive 204 
experiments (Tilley & Terry, 1963). 205 
To assess the nutrient content at community level (NCc), we first calculated nutrient 206 
content at functional group level (NCf) using production-based weightings as explained in 207 
equation 1, then calculate community nutrient content by equation 2: 208 
𝑁𝐶௙௜௝ = ෍ 𝑝௞𝑠௜௞
௡
௞ୀଵ
                                                                      eqn 1, 209 
where NCfij is the content of nutrient i in functional group j, pk is the relative production in 210 
2015 of species k in functional group j and sik is the content of nutrient i of species k. n is the 211 
total number of the representative species in functional group j. 212 
𝑁𝐶௖௜ = ෍ 𝑝௝𝑁𝐶௙௜௝
ସ
௝ୀଵ
                                                                    eqn 2, 213 
where NCci is the content of nutrient i at community level, pj is the relative production in 214 
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2015 of functional group j and 4 is the number of functional groups. The community 215 
digestibility was assessed by the same method. 216 
To synthesize forage production and forage quality, we calculated community nutrient 217 
production (NP) to assess rangeland quality as explained in equation 3: 218 
𝑁𝑃௜ = 𝑁𝐶௖௜𝐹                                                                                 eqn 3, 219 
where NPi is the production of nutrient i, NCci is the content of nutrient i at community level 220 
and F is the forage production in 2015. 221 
Statistical analyses 222 
We used repeated-measures analysis of variance (ANOVA) to examine the main and 223 
the interactive effects of experimental warming, altered precipitation and sampling year 224 
(2014–2016) on the forage production of the total plant community and the four functional 225 
groups separately. Two-way ANOVA was used to examine the main and the interactive 226 
effects of experimental warming and altered precipitation on the digestibility, nutrient 227 
content and nutrient production in 2015. In the repeated-measures analysis, warming and 228 
altered precipitation were treated as fixed-effects between-subject factors and tested against 229 
the random-effects factor plot (subject), which was nested within the random-effects factor 230 
block. We used Tukey’s tests to determine whether the differences between treatments were 231 
significant. Square-root or log transformations were used for response variables if this 232 
improved residual distributions with regard to homoscedasticity and normality (Schmid, 233 
Baruffol, Wang & Niklaus, 2017). Variation in community nutrient content was 234 
decomposed into two categories according to the influencing explanatory variables, i.e. 235 
climatic factors (experimental treatments of warming and altered precipitation) and 236 
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community composition (production of grasses, sedges, legumes and non-legume forbs), by 237 
partial regression with a redundancy analysis (‘vegan’ package in the R software; (Oksanen 238 
et al., 2013)). The variables to characterize community composition were previously 239 
identified by forward selection. All statistical analyses were conducted in R 3.2.2 (R Core 240 
Team, 2015). 241 
Results 242 
Effects of warming and altered precipitation on forage production 243 
Forage production significantly responded to warming and altered precipitation (see 244 
Table 1). The effects of warming and precipitation were additive, that is their interaction 245 
was statistically not significant for either total production or functional group productions 246 
(Table 1). Although warming had no detectable effect on total forage production, it 247 
significantly increased legume production by 96.7% and decreased non-legume forb 248 
production by 25.6% (Fig. 1a). Increased precipitation enhanced total forage production by 249 
18.2%, while reduced precipitation decreased it by 12.9% (Fig. 1b). At the level of the 250 
different plant functional groups, increased precipitation enhanced grass production by 251 
28.7% compared to the control treatment, while reduced precipitation decreased grass and 252 
sedge production by 19.5% and 27.9%, respectively. In contrast to the other functional 253 
groups, legumes reduced forage production from dry to control to wet along the 254 
precipitation treatments (Fig. 1b; for 2015 see Fig. S3). Besides, the inter-annual variation 255 
in forage production was mainly induced by the high variation of annual precipitation (Fig. 256 
S4).  257 
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Effects of warming and altered precipitation on nutrient content 258 
Forage quality components in terms of plant nutrient contents (amounts per unit 259 
biomass) and digestibility highly varied among plant species (Fig. 2, S4). According to the 260 
nutrient content ranking, legumes had the highest nutritive value, followed by non-legume 261 
forbs, sedges and grasses (Fig. S5). As expected, the response direction and magnitude of 262 
quality components to warming, altered precipitation and their interactions were specific to 263 
different plant species (Table S1, S2; Figs 2–3). 264 
Despite these different specific responses of plant species to warming and 265 
precipitation treatments, there were also some consistent overall effects of these treatments 266 
on nutrient contents at community level (Table 2 upper part, Fig. 4a, b). Thus, warming 267 
increased crude protein content from 8.6% to 9.2%. In addition, crude protein content 268 
declined from dry to control to wet along the precipitation treatments and a significant 269 
interaction between warming and precipitation treatments indicated that the positive effect 270 
of warming was lost under increased precipitation (Fig. S6). From dry to control, cell 271 
soluble contents, lignin content and digestibility decreased from 42.6% to 39.3%, 7.9% to 272 
7.2% and 48.8% to 43.3%, respectively, and cellulose content increased from 21.3% to 273 
24.1%. Overall, warming and reduced precipitation, especially under concurrent condition, 274 
increased forage quality in terms of nutrient contents. However, although nutrient 275 
production was increased with increasing precipitation as shown below, it was at the 276 
expense of reduced forage quality. 277 
Using variation partitioning analysis, we further quantified the contributions of climate 278 
change and community composition to the variation of forage quality in terms of nutrient 279 
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contents. The amount of variation captured by all selected variables was 93.5% for overall 280 
nutrient content (from 89.4 to 94.2% for individual nutrients; Fig. 5). The pure effects of 281 
community composition accounted for 69.1% of variation (from 32.6 to 81.4% for 282 
individual nutrients), while the pure effects of climatic factors only account for 3.3% of 283 
variation (from 0.2% to 15.5% for individual nutrients). In addition, the joint effects of 284 
climate and community composition accounted for 21.1% variation (from 7.5 to 58.9% for 285 
individual nutrients). Therefore, the variation of nutrient contents was mainly explained by 286 
differences in community composition, which was, however, itself affected by the climatic 287 
factors, i.e. warming and precipitation treatments (see Table 1 and Fig. 1). 288 
Effects of warming and altered precipitation on nutrient production 289 
Rangeland quality was assessed by community nutrient production, which integrated 290 
forage production and forage quality. Warming and altered precipitation significantly 291 
affected nutrient production (Table 2 lower part, Fig. 4c, d). Warming increased crude 292 
protein production by 11.7% but had no significant effects on the production of other 293 
nutrient components. Compared to the control treatment, increased precipitation enhanced 294 
cell soluble contents, hemicellulose, cellulose and lignin production by 15.6%, 18.1%, 295 
19.0% and 15.6%, respectively, and reduced precipitation decreased hemicellulose and 296 
cellulose production by 13.4% and 19.6%, respectively. Overall, warming and increased 297 
precipitation improved Tibetan rangeland quality in terms of nutrient production, while 298 
reduced precipitation decreased it. 299 
Discussion 300 
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Rangeland quality is anticipated to potentially be strongly impacted by climate 301 
warming and altered precipitation (Briske et al., 2015). While increasing precipitation is 302 
widely reported to improve rangeland quality, the effects of warming generally depend on 303 
local temperature and precipitation regimes. Specifically, warming is expected to improve 304 
rangeland quality in cold and humid regions, but decrease it in warm and arid regions 305 
(Polley et al., 2013; Briske et al., 2015). Our study on the cold but relatively dry Tibetan 306 
Plateau suggest that, in comparison with these current climatic conditions, future warming 307 
together with increased precipitation will improve rangeland quality, whereas a less likely 308 
decrease in precipitation would decrease it. Furthermore, we found that warming and 309 
altered precipitation impacted rangeland quality by different mechanisms: warming 310 
affected forage and rangeland quality, i.e. plant nutrient content and production, in similar 311 
ways (see Fig. 4a, c), while altered precipitation affected them differentially (see Fig. 4b, 312 
d). Decreased forage production under reduced precipitation (see Fig. 1b) led to increased 313 
nutrient contents, thus maintaining nutrient production close to the control treatment. In 314 
contrast, increased precipitation increased forage production and because this only led to a 315 
slight dilution of nutrients, it had a positive effect on nutrient production. Given the 316 
important role of livestock husbandry on the Tibetan Plateau (Qiu, 2016), effective 317 
adaptation strategies are required to cope with challenges and opportunities of future 318 
climate change in this high-elevation grassland ecosystem. 319 
Increased rangeland quality due to warming-induced community shifts to legumes 320 
Our study showed that warming improved rangeland quality, through increased plant 321 
nutrient content (forage quality), rather than increased plant biomass (forage production). 322 
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Similar observations have been made in other studies from the Tibetan plateau (Li, Liu, 323 
Frelich & Sun, 2011; Shi et al., 2015) and Arctic tundra (Chapin, Shaver, Giblin, 324 
Nadelhoffer & Laundre, 1995; Welker, Fahnestock, Sullivan & Chimner, 2005), however, 325 
the mechanisms were different. Warming improved forage quality mainly due to 326 
accelerated net nitrogen (N) mineralization and increased available soil nutrients in Arctic 327 
tundra (Natali, Schuur & Rubin, 2012), but this was not the case in our system, where no 328 
detectable effect on net N mineralization under warming treatment has been observed 329 
(Wang et al., 2012). Rather, we found that a shift in community composition towards 330 
increased legume biomass with high nutrient contents was responsible for the improved 331 
forage quality at community level (see Fig. 6). In addition, other mechanisms might also 332 
have contributed to this effect, including warming-induced increases in N content during 333 
plant senescence as observed in other alpine grasslands (Shi et al., 2015). 334 
Another study carried out in the same ecosystem found that warming decreased 335 
rangeland quality due to a reduction of both forage production and forage quality (Klein, 336 
Harte & Zhao, 2007). These contrasting results might be attributed to the following two 337 
reasons: first, Klein, Harte, and Zhao (2007) used open-top chambers (OTC) to simulate 338 
warming, which in contrast to infrared heaters increase air temperature more than soil 339 
temperature and additionally reduce wind speed (Marion et al., 1997; Wan, Luo & Wallace, 340 
2002), further increasing air temperature up to 7 °C (Klein, Harte & Zhao, 2005). However, 341 
alpine plants, especially tall graminoids, are sensitive to heat stress (Wang et al., 2012). 342 
Second, the different species measured in these two studies may cause different results 343 
regarding forage quality. We found that legume forage had the highest quality among the 344 
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studied four functional groups in the alpine meadow. Warming almost doubled legume 345 
production and consequently improved forage quality at community level. However, Klein, 346 
Harte, and Zhao (2007) chose a non-legume forb, Gentiana straminea, to represent the 347 
quality of the combined legume plus non-legume functional group of forbs. Hence, they did 348 
not examine the potential effects of changes in legume production on forage quality under 349 
their warming treatment. In contrast, our study emphasizes the great importance of legume 350 
production to Tibetan rangelands. 351 
The warming-increased legume production may be particularly relevant in this high-352 
elevation ecosystem, because Tibetan rangelands under the current low-temperature 353 
climatic conditions have lower legume production than most natural grasslands around the 354 
world (Jin et al., 2013). Our results, along with previous studies (Wang et al., 2012; Jin et 355 
al., 2013), provide strong evidence that a warmer climate can benefit legumes and 356 
consequently improve Tibetan rangeland quality. Obviously, this beneficial local effect 357 
should be compared with potentially negative effects at regional to global scales such as 358 
thawing of permafrost and loss of soil carbon to the atmosphere (Schuur et al., 2015), 359 
potential effects that were outside the scope of the present study. 360 
Improved rangeland quality due to precipitation-induced forage production 361 
A global meta-analysis reported that cold ecosystems are more responsive to altered 362 
precipitation (Wu, Dijkstra, Koch, Peñuelas & Hungate, 2011). In line with previous studies 363 
(Knapp & Smith, 2001; Bai, Han, Wu, Chen & Li, 2004; Yang, Fang, Pan & Ji, 2009; 364 
Ponce-Campos et al., 2013), we found that increased precipitation enhanced forage 365 
production. The positive response of forage production mainly resulted from a strong 366 
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increase of grass production, which accounted for 63% of forage production in control plots 367 
and for 69% in wetter plots. Similar observations were made in long-term rainfall 368 
experiments in the steppes of Inner Mongolia (Yang et al., 2011) and Patagonia (Yahdjian 369 
& Sala, 2006) and in Kansas prairies (Collins et al., 2012). Reduced precipitation decreased 370 
forage production due to suppressed grass production. This result is comparable with 371 
similar findings in drought experiments in steppes in Colorado (Evans, Byrne, Lauenroth & 372 
Burke, 2011) and high-elevation grassland in the Alps (De Boeck, Bassin, Verlinden, Zeiter 373 
& Hiltbrunner, 2016). Further evidence shows that forage production is generally more 374 
responsive to increased rather than reduced precipitation (Wu, Dijkstra, Koch, Peñuelas & 375 
Hungate, 2011; Unger & Jongen, 2015) and this is also what we found in our study. 376 
Forage quality was only weakly affected by altered precipitation, which therefore had 377 
similar effects on rangeland productivity and rangeland quality (see Fig. 6). Nevertheless, 378 
the decreased forage production under reduced precipitation, after five consecutive years of 379 
treatment, was at least partly compensated by improved forage quality (see Fig. 4b), thus 380 
maintaining relatively constant nutrient production (see Fig. 4d). Other studies suggested 381 
that more severe drought over long time can accelerate plant senescence, resulting in a 382 
decline not only of forage production but also of forage quality (Polley et al., 2013). A 383 
reason for the improved forage quality in our study was the shift in community composition 384 
towards higher legume abundance, a functional group with generally high quality (Deak, 385 
Hall, Sanderson & Archibald, 2007), induced by long-term drought.  386 
Our results suggest that a future wetter climate will be beneficial to rangeland quality, 387 
while a future dryer climate could induce forage deficiency. Without efficient adaptation 388 
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strategies, overgrazing may be more frequent and severe in dryer regions, resulting in 389 
accelerated rangeland degradation (Li et al., 2013; Shang et al., 2014). Therefore, local 390 
government should pay more attention to balance the stocking rate and forage production in 391 
those reduced precipitation regions on the Tibetan Plateau. 392 
Implications for rangeland management 393 
Our study provides experimental evidence that a warmer and wetter climate, which is 394 
anticipated as a general trend in the coming decades (Chen et al., 2015), could improve 395 
rangeland quality, while a drier climate could decrease it. Although climate warming is 396 
widely observed throughout the Tibetan Plateau, there is large geographical heterogeneity 397 
of precipitation (Chen et al., 2015). In the central, northern and southeastern parts, 398 
precipitation has increased since 1960, however, in the western part and eastern periphery, 399 
opposite trends of precipitation have been observed (Xu, Gong & Li, 2008; Chen et al., 400 
2013; Chen et al., 2015). Here, we propose several adaptation strategies based on 401 
geographically specific predictions of climate change and the possible responses of alpine 402 
grassland as found in the present study. 403 
First, in low elevations and those mesic and wet regions, reseeding native legumes 404 
such as M. archiducis-nicolai and Astragalus tanguticus can be a promising approach to 405 
improve the quality of degraded rangelands. A warmer climate can reduce low-temperature 406 
stress on legume growth (Jin et al., 2013) and make it possible to transform degraded 407 
grassland to higher quality rangeland. Reseeding legumes in degraded meadow grassland 408 
has been proved feasible in several cold ecosystems in the northern China (Wang, Sun, An, 409 
Nuer & Chen, 2011).  410 
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Second, the government can popularize artificial pastures by providing free forage 411 
seed, technological services and financial support in humid regions such as southeast part 412 
of the Plateau (Xu, Gong & Li, 2008) to mitigate forage deficiency and reduce the grazing 413 
pressure on natural grassland. Moreover, beyond those suitable planting areas in place 414 
today, policy-makers should build sound future development planning for the regions that 415 
are projected to increase precipitation in coming decades. 416 
Third, in progressively dryer regions such as northwestern part of the Plateau (Chen et 417 
al., 2013), on one hand, the government should project to establish regional forage reserves 418 
by storing forages from artificial pastures to provide supplementary food to livestock in 419 
need in late winter and early spring (Shang et al., 2014). On the other hand, the government 420 
can increase eco-compensation and diversify livelihood of nomads, such as developing eco-421 
tourism to reduce stocking rate, but maintain nomads’ living standards at the same time.  422 
There is no doubt that the success of implementing these management practices relies 423 
on strict regulation and supervision. In addition, strengthening regional collaboration and 424 
raising public awareness of climate change issues can further contribute to the adaptation of 425 
the livestock husbandry to climate change on the Tibetan Plateau. 426 
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Tables 601 
Table 1. Results of the repeated measures ANOVA for responses of forage production (g m-602 
2) of the total plant community and plant functional groups to warming and altered 603 
precipitation from 2014 to 2016. Table entries are F-values and their significances: *, P < 604 
0.05; **, P < 0.01; ***, P < 0.001. 605 
 Warming (W) Precipitation (P) W * P Year (Y) W * Y P * Y W * P * Y 
Total 1.140 20.419*** 0.054 10.275** 0.513 1.302 3.281* 
Grass 0.626 25.811*** 0.224 14.417*** 0.444 0.236 2.585 
Sedge 2.509 3.273* 2.737 0.305 0.548 0.717 0.628 
Legume 36.307*** 6.496** 0.754 1.842 0.002 1.245 0.604 
Non-legume forb 12.078*** 3.839* 2.536 0.789 1.248 3.113* 0.046 
  606 
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Table 2. ANOVA results for responses of community nutrient content (%) and nutrient 607 
production (g m-2) to warming and altered precipitation. Table entries are F-values and their 608 
significances: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 609 
 Crude protein Cell soluble contents Hemicellulose Cellulose Lignin 
Content (%)      
Warming (W) 18.250*** 0.901 0.423 0.262 2.050 
Precipitation (P) 32.410*** 5.879** 2.482 19.964*** 21.909*** 
W * P 13.210*** 2.454 1.501 1.661 0.543 
Production (g m-2)      
Warming (W) 5.910* 2.235 1.089 1.290 2.881 
Precipitation (P) 2.813 4.331* 13.353*** 20.952*** 5.136* 
W * P 1.010 0.523 0.626 0.189 0.272 
  610 
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Figures 611 
 612 
Figure 1. The main effects of warming (a) and altered precipitation (b) on forage 613 
production of the total plant community and four plant functional groups. Bars represent 614 
mean ± SE values averaged across 2014–2016. Different letters or asterisks represent 615 
significant differences: different letters, P < 0.05; ***, P < 0.001.  616 
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 617 
Figure 2. The main effects of warming (a) and altered precipitation (b) on the digestibility 618 
of the total plant community and representative species from the four plant functional 619 
groups (from left to right the four species represent grasses, sedges, legumes and non-620 
legume forbs). Bars represent mean ± SE values. Different letters or asterisks represent 621 
significant differences: different letters, P < 0.05; *, P < 0.05; ***, P < 0.001. 622 
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 624 
 625 
Figure 3. The main effects of warming (a) and altered precipitation (b) on nutrient contents 626 
of the dominant species Stipa aliena, Elymus nutans, Helictotrichon tibeticum, Kobresia 627 
humilis, Medicago archiducis-nicolai, Oxytropis subfalcata and Saussurea superba. Bars 628 
represent the difference between global-change and control treatments. Significance: *, P < 629 
0.05; **, P < 0.01; ***, P < 0.001.  630 
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 631 
Figure 4. The mains effect of warming and altered precipitation on community nutrient 632 
content (a, b) and community nutrient production (c, d). Bars represent mean ± SE values. 633 
Different letters or asterisks represent significant differences (P < 0.05). 634 
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 636 
Figure 5. Results of variation partitioning for total plant community nutrient content (a), 637 
crude-protein content (b), cell-soluble nutrient content (c), hemicellulose content (d), 638 
cellulose content (e) and lignin content (f) in terms of fractions of variation explained. 639 
Variation is explained by four categories: pure effects of experimentally manipulated 640 
climatic factors (X1), pure effects of community composition (X2), joint effect of climatic 641 
factors and community composition (X3) and residual variation.  642 
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 643 
Figure 6. Summary of impacts of warming and altered precipitation on Tibetan rangeland 644 
quality, emphasizing the regulating paths. Warming and precipitation affect forage quality 645 
mainly by shifting community composition. Forage production is influenced by altered 646 
precipitation, but not by warming. The content in the box shows responses in community 647 
composition under climate change. The widths of lines and arrows correspond to effect 648 
sizes. Solid lines indicate significant effects and the dashed line indicates a non-significant 649 
effect. 650 
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Supporting Information 652 
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Table S1. ANOVA results for the treatment effects on nutrient contents of representative 654 
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Table S2. ANOVA results for the treatment effects on the digestibility of representative 656 
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Fig. S3. The main effects of warming (a) and altered precipitation (b) on forage production 660 
of the total plant community and four plant functional groups in 2015. 661 
Fig. S4. Annual precipitation from 2014 to 2016. 662 
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Fig. S6. The interactive effects of warming and altered precipitation on total plant 664 
community crude protein content. 665 
